We extend the density functional approach to the statistical mechanics of inhomogeneous fluids to calculate the rate of heterogeneous nucleation of the gas-to-liquid transition by a planar solid substrate. Comparison with classical nucleation theory ͑extended to incorporate the line tension that results from three-phase contact͒ reveals the inadequacy of the latter approaches as the spinodal is approached. Wetting and drying transitions have a large effect on the usefulness of classical theory. Free energies of formation for critical heterogeneous nuclei and their shapes and density profiles are calculated from density functional theory.
I. INTRODUCTION
The dynamics of first-order phase transitions are often controlled by nucleation: the rate at which first embryos of the new phase appear and reach a critical size beyond which their further growth is favored thermodynamically. In a metastable homogeneous phase, fluctuations of the new phase occur constantly but tend to disappear with time because their small size gives them a high surface free energy ͑which disfavors their formation͒ relative to the bulk free energy ͑which favors their formation͒. Eventually a large enough fluctuation occurs, in which the ''critical nucleus'' is reached. At this point, the surface and bulk contributions balance each other in such a way that further growth lowers the free energy of the region of the new phase relative to the background phase. Depending on the kinetics of growth, the subsequent evolution of the critical nucleus to macroscopic dimensions can be quite rapid.
In homogeneous nucleation, the critical nucleus appears in the middle of the original bulk phase. Nucleation is an activated process, in which the barrier height ͑the free energy change to create the critical nucleus͒ varies from an infinite value near the binodal ͑the point at which the original phase becomes thermodynamically unstable͒ to zero near the spinodal ͑where the system becomes unstable to arbitrarily small fluctuations of the new phase͒. Because of this exponential dependence on a rapidly varying free-energy barrier height, homogeneous rates are extraordinarily sensitive to thermodynamic conditions of temperature and pressure, as well as to small variations in intermolecular potentials. The challenge of nucleation science is to measure and to predict these sensitive rates to a reasonable degree of accuracy. Reference 1 reviews some recent advances in this area on both the experimental and the theoretical sides.
To achieve homogeneous nucleation, very careful attention is required to sample purity and to experimental conditions. In the world outside the laboratory, homogeneous nucleation still occurs, but is relatively rare. Most nucleation occurs heterogeneously, with rates increased by many orders of magnitude over homogeneous rates, due to the presence of impurities. One kind of heterogeneous nucleation occurs when the evolving nucleus forms around a single impurity molecule or ion, or around a tiny impurity that acts as a seed at the center of the nucleus. We have recently 2 examined this process theoretically, using density functional theory of statistical mechanics to describe the clustering of dipolar molecules ͑tangent or fused charged spheres͒ about ions or hardcore particles of molecular dimensions. This work revealed strong dependence of nucleation rates on the nature of the impurity particle; its size and the force it exerts on the surrounding fluid.
A second type of heterogeneous nucleation involves the formation of the new phase on a ͑nearly planar͒ surface of a different material. Such nucleation can occur on the walls of a container, or on the surface of suspended particles that are large enough that their surface curvature does not play a role. The critical nucleus is in contact with the substrate, but it does not surround it, changing the symmetry from spherical to cylindrical in the simplest case. In this paper, we extend density functional theory to such heterogeneous nucleation on a solid substrate, considering here only the limiting case where the range of the substrate-fluid potential is short compared to the size of the critical nucleus. We explore the validity of the classical theory of heterogeneous nucleation ͑in-cluding a microscopic exploration of the meaning of line tension͒. As expected, our results show that classical theory works well near the binodal but begins to fail drastically as the spinodal is approached. The proximity of a wetting or ''drying'' transition has a very large effect on the nucleation behavior.
Section II outlines the classical approach to heterogeneous nucleation, as it has been extended to incorporate the line tension that results when three phases ͑gas, liquid, and substrate͒ come into contact. Section III describes the use of density functional theory to calculate the equilibrium phase diagram and the surface and line tensions that appear in the classical theory. Section IV then presents the density functional theory of nucleation on a solid substrate. Section V gives results and draws some brief conclusions. 
II. CLASSICAL THEORY OF HETEROGENEOUS NUCLEATION
In a first approach to model the process of nucleation occurring on a solid substrate s, the critical nucleus may be visualized as a cap-shaped aggregate of the condensed phase ␤ surrounded by the metastable vapor ␣. If is the contact angle between the droplet of radius R and the substrate, measured through the ␤ phase as shown in Fig. 1 The change in free energy to create a droplet on the surface is given by 4 ⌬⍀ϭϪV⌬PϩA ␣␤ ␣␤ ϩA ␤s ͑ ␤s Ϫ ␣s ͒ϩL ␣␤s , ͑4͒
where ⌬ Pϭ P ␤ Ϫ P ␣ is the pressure difference between the center of the droplet and the bulk vapor, i j is the interfacial free energy of the corresponding i j interface, and is the line tension of the three-phase contact line of length
The original classical theory developed by Volmer 5 and Turnbull 3 neglected the effect of the line tension. Gretz 4 was the first to consider the influence of this additional term in the free energy, introducing the present revised approach. More recent work by Navascués and Tarazona 6 and by Widom 7 highlights the central role that the line tension seems to play in the the nucleation of small droplets on surfaces.
For a given volume V, the shape that minimizes the work of formation ⌬⍀ is a spherical sector with the contact angle * given by
which reduces to the well-known Young equation
in the absence of line tension or when R→ϱ. For positive values of the line tension, the contact angle * is always greater than the macroscopic limit 0 , and *Ͻ 0 whenever the line tension is negative. The critical droplet that forms the barrier to nucleation has a radius R* such that ⌬⍀ has a maximum under the equilibrium condition defined by Eq. ͑6͒. By setting d⌬⍀/ dRϭ0 at constant , and introducing Eq. ͑6͒ into the result, we find R*ϭ 2 ␣␤ ⌬P ͑8͒
which shows that the Laplace relationship for mechanical stability is preserved. The height of the barrier to nucleation becomes
͑9͒
where ⌬ P can be approximated by
if we further assume that the liquid is incompressible and the gas is ideal. Here, k is Boltzmann's constant, T is the absolute temperature, ␤ is the liquid-phase density, and Sϭ P ␣ / P ␣ sat is the supersaturation, the ratio of the actual vapor pressure P ␣ to the equilibrium pressure at coexistence P ␣ sat .
In classical nucleation theory the rate of formation of critical droplets per unit area has the form
The particular structure of the pre-exponential factor J 0 depends on the assumed mechanism for particle deposition. Pound et al. 9 have pointed out that new-phase embryos are not formed by direct deposition from the vapor, but primarily by surface diffusion of adsorbed molecules. In this case the preexponential factor can be written as
where Z is the Zeldovich factor that corresponds to the capshaped nucleus of radius R*,
* is the impingement rate at which adsorbed particles join the critical nuclei, and n s is the concentration of adsorption sites. Reasonable approximations to estimate * for particles of mass m 0 lead to the final expression
where E a is the standard free energy of adsorption on the substrate per particle, and E d is the free energy of activation for surface diffusion. This relation, together with Eqs. ͑9͒ and ͑11͒, gives the classical rate of heterogeneous nucleation in terms of quantities that are accessible experimentally or can be estimated within reasonable bounds.
III. DENSITY FUNCTIONAL THEORY OF INHOMOGENEOUS FLUIDS
In order to develop a density functional theory of heterogeneous nucleation it is necessary to assume that any nucleating entity on a solid substrate of area A s can be pictured as an inhomogeneous fluid with density ͑r͒. In a squaregradient approximation, the grand potential of the system is given by 11 ⍀͓͑ r͔͒ϭ ͵ dr͕ f ͓͑ r͔͒Ϫ͑ r͖͒ϩ
where is the chemical potential, f ͓͑r͔͒ is the local Helmholtz free energy density, and ⌽͑ 0 ͒ is a phenomenological term that accounts for the fluid-solid interactions. We follow van der Waals 12 in writing the Helmholtz free energy per unit volume f ͓͔ to include the effect of atomic size and longrange attractive forces through the phenomenological parameters b and a, respectively,
The square-gradient term in Eq. ͑15͒, ͑K/2ٌ͓͒͑r͔͒ 2 , describes the local excess free energy density associated with any inhomogeneity in the system. The interactions between substrate and fluid are assumed to be sufficiently shortranged that the free-energy contribution ⌽͑ 0 ͒ only depends on the density at contact 0 in the form
Here, h is a measure of the surface field and g accounts for the possible enhancement of molecular interactions at the substrate. More general free-energy functionals, involving longer-ranged wall-particle potentials, can be written down but are not considered further here.
A. Uniform system
For a uniform system, the structure of Eq. ͑16͒ determines the nature of the coexisting phases at each temperature. The phase diagram is obtained by finding two solutions ␣ and ␤ , with the same temperature, chemical potential,
and pressure
The well known phase diagram for the van der Waals model is characterized by a critical point at
and kT c ϭ 8a 27b .
In the following sections, all densities are expressed in dimensionless units of b Ϫ1 and all temperatures are referred to the critical value (T r ϭT/T c ). Most of the calculations correspond to the reduced temperature T r ϭ0.5, but are illustrative of the behavior in regions far from the critical point.
B. Interfacial tension
Any consistent comparison of our results with the predictions of the classical theory for the van der Waals fluid demands the calculation of the interfacial tensions i j and the line tension for our model. These quantities are needed to estimate the classical barrier to nucleation and the contact angles 0 and *.
The surface tension for the i j-interface is given by the grand potential difference 14 A i j i j ϭ⍀͓͑r͔͒Ϫ⍀ u ͓͔, ͑20͒
where ⍀ u ͓͔ is the grand potential of the uniform system, and ⍀͓͑r͔͒ is evaluated for the equilibrium profile that solves the Euler-Lagrange equation,
under appropriate boundary conditions. For a planar interface perpendicular to the z-axis, a first integration of the former equation using the boundary condition at infinity, (z)→ j for z→ϱ, results in
, and u ϭ⍀ u []/V. This relation can be integrated to obtain the density profiles (z) and, together with Eqs. ͑15͒ and ͑20͒, to calculate the surface tension as
or, changing the variable of integration from z to by means of Eq. ͑22͒,
For the liquid-vapor interface the boundary densities correspond to the uniform liquid and vapor states. In the presence of the substrate, however, the density at contact, i → 0 for zϭ0, is determined by 11, 15 
and the additional boundary condition
Young's equation ͓Eq. ͑7͔͒ relates the bulk contact angle 0 to the interfacial tensions i j and can be used to analyze the wetting behavior of the system as a function of the surface field h and the surface coupling g. The values of these parameters for which 0 ϭ0°or 0 ϭ180°determine the location of the wetting ͑drying͒ transitions. Figure 2͑a͒ shows the corresponding behavior of the bulk contact angle as a function of the surface field h/(kT c ) at constant g/(kT c b)ϭ0. We have set the dimensionless constant K/(kT c b 5/3 )ϭ4 in all our calculations; this value leads to reasonable estimates of the surface tension for real liquids at several temperatures.
The wetting phase diagram in Fig. 2͑b͒ has been calculated following the former procedure for several values of the surface coupling g. The solid curves in this figure are the locus of first-order wetting ͑drying͒ transitions, and the dashed lines correspond to continuous wetting transitions; both types of lines intersect at a surface tricritical point. In the region between the curves, partially wet states are thermodynamically stable, while total coverage by one phase is favored in the other regions.
C. Line tension
When the coexisting phases are in contact with the substrate, the line tension associated with the three-phase contact line in a partially wet state is given by
where the distances R i j are the lengths of the two-phase interfaces within the area of integration. The area is chosen in the plane (x,z) perpendicular to the three-phase contact line, and with sides perpendicular to the three two-phase interfaces ͑see Fig. 1͒ . Different models and methods have been proposed to evaluate the line tension in the vicinity of the wetting transition. 16, 17 We have followed Perković et al. 17 in using a nonlinear multigrid method, the full approximation storage algorithm, 18 for solving the Euler-Lagrange equation ͓Eq. ͑21͔͒ in two dimensions. In this case, the gradient operator ٌ is two dimensional in the x ͑parallel to the substrate͒ and z ͑perpendicular to the substrate͒ directions. There is no variation of the density in the direction parallel to the three-phase contact line ͑chosen to be y͒. The resulting nonlinear partial differential equation, with one Neumann condition ͓Eq. ͑26͔͒ and three Dirichlet boundary conditions ͑one-phase or twophase limiting profiles͒, is solved in a rectangular domain keeping a constant grid spacing, h s ϭ1/60, for the finest grid. Once the equilibrium profile (x,z) is obtained, the line tension can be evaluated by using Eq. ͑27͒. An alternative procedure for evaluating the line tension is to use the equation
We have verified that this gives the same result as Eq. ͑27͒, within the numerical accuracy of the two calculations and for regions far from the wetting transition. havior close to these limits, the accuracy of the calculation decreases in the process.
The line tension increases with temperature for constant surface field as is shown in Fig. 3͑b͒ . This behavior is linked to the shift of the wetting transition to lower values of h/kT c as the temperature is increased. When plotted as a function of the corresponding bulk contact angles, the four curves in Fig. 3͑b͒ Figures 3͑a͒ and 3͑b͒ show that, to within the accuracy of our calculation, the line tension is zero for gϭhϭ0. We have been unable to derive this result analytically, however.
The qualitative dependence of the line tension on the surface field or the contact angle is preserved as we vary the surface coupling g; it shows a rapid increase close to the interfacial transitions and passes through a minimum at intermediate values of h or 0 . The line tension at the minimum is an increasing function of the surface enhancement g. For gϽ0, which is probably the most natural case, 13 the minimum line tension is always negative.
Varea and Robledo 19 have analyzed the temperature behavior of the line tension for several values of g in a related model. Their results show that a nonmonotonic behavior is expected in some cases.
IV. HETEROGENEOUS NUCLEATION: THEORY
When a metastable vapor is in contact with the substrate, a critical droplet appears as a saddle point solution of the grand potential ⍀͓͑r͔͒ in an open system. 20 , 21 If we assume that the droplet has cylindrical symmetry, the Laplacian in Eq. ͑21͒ can be expressed in circular cylindrical coordinates (r,,z). Because of the symmetry of our surface potential ⌽͑ 0 ͒, the density profile is expected only to depend on the distance perpendicular to the substrate (z) and on the radial distance (r) to the z-axis passing through the center of the droplet.
Away from the binodal, the solution of Eq. ͑21͒ is more complicated because any relaxation procedure is now unstable. To avoid this problem, we decided to enclose our system in a cylindrical container of volume V c with perfectly nonwetting-nondrying walls. The size and nature of the walls are chosen to assure that they do not alter the distribution of matter inside or outside the system. When the total number of particles N c in the container is fixed, any saddlepoint solution in an open system becomes a minimum of the Helmholtz free energy F͓͑r͔͒ϭ⍀͓͑r͔͒ϩN c for appropriate values of N c and V c . 22 For a closed system, the properties of the surrounding metastable vapor are not known in advance; its density is not available as a boundary condition to solve the EulerLagrange equation ͓Eq. ͑21͔͒. Nevertheless, this relation can be rewritten to introduce the constraint of a fixed number of particles
Using this equation together with Eq. ͑18͒, the EulerLagrange equation for the density profile of a droplet in a closed system can be expressed as This equation follows from the method described in Ref. 22 , modified for the free energy functional employed here. The stable solutions of this integrodifferential equation can now be found as convergence limits in a nonlinear multigrid method. The density profile of the droplet (r,z) is obtained by demanding no density discontinuity at the bounding surface. This condition determines the properties of the external metastable vapor ͑ ␣ ,P,͒. Two additional Neumann boundary conditions,
should also be satisfied.
The work of formation of the critical nucleus is given by the grand potential difference ⌬⍀*ϭ⍀͓͑r,z͔͒Ϫ⍀͓ ␣ ͑z͔͒, ͑31͒
where ⍀͓ ␣ (z)͔ represents the grand potential of the external vapor in contact with the substrate. This barrier to nucleation is then used to evaluate the rates via the equation 20, 21 JϭJ 0 e Ϫ⌬⍀*/kT , ͑32͒
where we take the same pre-exponential factor J 0 as in the classical theory ͓Eq. ͑14͔͒. As is the case for homogeneous nucleation, rates of nucleation are expected to be far more sensitive to the barrier height than to the pre-exponential factor.
V. HETEROGENEOUS NUCLEATION: RESULTS
In the following description of our results, classical and density functional rates of nucleation are expressed in common units of droplets per unit area. The molecular mass m 0 and the van der Waals constants, a and b, for water have been used when needed in the calculations. The packing density b Ϫ͑2/3͒ is taken as a measure of the areal density of adsorption sites on the substrate, and a typical value 10 of 5kT is assumed for the energy difference (E a ϪE d ) in the preexponential factor in Eq. ͑14͒.
The density profiles (r,z) for critical nuclei under several conditions were determined by solving Eq. ͑30͒ in a discretized rectangular domain, with a grid spacing h s ϭ1/40 for the finest grid. Figures 4͑a͒ and 4͑b͒ show examples for cases where adsorption and desorption are favored, respectively; Cartesian coordinates have been used here to emphasize symmetry features.
Some geometrical properties of the critical nuclei can be revealed by analyzing the behavior of contours of constant density on the density profiles (r,z). In general, these contours exhibit elliptical symmetry with a semiaxis ratio a r /b z that increases gradually from a value lower than one for contours at high density to values higher than one for contours at low density. Thus, a density contour with spherical symmetry can be found as long as the critical nucleus is not too small and the system is far from the wetting transition. There is not a consistent criterion, however, that leads to this particular choice of contour for the location of the interface.
The contours of constant density for a given density profile (r,z) approach the wall at a contact angle that depends on the value of the contour density. The angle at contact as a function of the density passes through a maximum when adsorption is favored and through a minimum when desorption is favored. The contour density that corresponds to the extremum approaches the equimolar density for a planar interface as the supersaturation is decreased. It seems thus reasonable to choose this ''extremum'' contour to characterize the geometry of the droplet interface. classical theory are also included here. The value of the semiaxis ratio a r /b z of extremum contours is close to one for states of low or negative surface adsorption at small supersaturations. Under such conditions, the revised classical theory leads to adequate predictions of the shape and the size of the droplet ͓Fig. 5͑a͔͒. For smaller nuclei or states closer to the wetting transition, however, the ratio a r /b z can be considerably greater than one and classical predictions fail drastically ͓Fig. 5͑b͔͒. In the case of marginal surface enhancement ͑gϭ0͒, the angle at contact for the extremum contour is larger than the classical microscopic contact angle * for h/kT c Ͼ0 and smaller than * for h/kT c Ͻ0; the deviation from the classical value for * increases as the wetting or drying transitions are approached.
In the absence of any surface field ͑hϭ0, gϭ0͒, nucleation on a substrate exhibits the same nonclassical effects noted by using density functional theory in the study of homogeneous nucleation. Both theories give almost the same supersaturation dependence for the rate of nucleation, but classical theory fails in predicting too high a rate at high temperatures and too low a rate at low temperatures. This result is illustrated in Fig. 6͑a͒ , where we compare the rates of nucleation predicted by both theories at several temperatures and supersaturations.
This behavior remains practically unchanged for values of the surface field h, surface coupling g, and temperature T far from the wetting and drying transitions. As these limits are approached, however, the revised classical theory starts overestimating the effect of the line tension on the work of formation of critical droplets; the classical rates of nucleation are too low at low supersaturations and at high temperatures. Thus when classical and density functional rates are compared at the same temperature ͓see Fig. 6͑b͔͒ , the corresponding isotherms strongly deviate from straight lines and there is an inversion of the ''expected'' trend with increasing temperature over a wide range of supersaturations.
This behavior is closely linked to the reduction of the metastable region available for nucleation in the presence of the substrate. Surface adsorption changes the conditions for the disappearance of the energy barrier to nucleation so that it now vanishes at ''surface'' spinodals. 23, 24 The work of formation of critical nuclei calculated by density functional methods decreases as the system moves toward these unstable states. The surface spinodals correspond to inflection points of the Helmholtz free energy F͓͑r͔͒ for any value of the surface potential ⌽͑ 0 ͒. Here, the work of formation ⌬⍀͓͑r͔͒ϭ0 and the phase separation propagates from the surface ͑*ϭ0͒. The classical theory, in contrast, predicts finite values for the barrier to nucleation and the microscopic contact angle * under the same conditions. Figure 7͑a͒ depicts the work of formation of critical nuclei as a function of supersaturation for a substrate that favors surface adsorption. The predictions of the original classical theory 3 ͑CL-I͒ and the revised classical approach 6 ͑CL-II͒ are also included here. Although the latter approximation follows closely our density functional predictions ͑DFT͒ at low supersaturations, it drastically fails when the surface spinodal is approached. The original and revised classical theories exhibit essentially the same dependence on supersaturation. Including the dependence of the microscopic line tension on the size of the droplet seems to be necessary to generate more realistic behavior.
The size of the ''effective'' nucleation region decreases when the surface field h, the surface coupling g, or the temperature are increased. In this process, nonclassical effects take over the nucleation behavior at lower supersaturations. Homogeneous nucleation competes with heterogeneous nucleation when surface desorption is favored. For this kind of system there is always a supersaturation at which the barrier to nucleation on the substrate becomes higher than the barrier to homogeneous nucleation. Figure 7͑b͒ illustrates this situation for a substrate with h/kT c ϭϪ0.5 ͑gϭ0.0͒. The intersection of the curves in this figure implies a discontinuous jump in the contact angle from a droplet on the substrate ͑0°Ͻ*Ͻ180°͒ to a free nucleus ͑ϭ180°͒, as we increase the supersaturation. Of course the different pre-exponential factors for homogeneous and heterogeneous nucleation affect the exact location of this crossover.
The revised classical theory of heterogeneous nucleation also predicts this discontinuous ''drying'' transition when the line tension is positive. 6, 7 Our results show, however, that we can expect this theory to underestimate the supersaturation required to induce the transition.
The global effect of the substrate on the process of nucleation is summarized in Fig. 8 . We have chosen the marginal case of gϭ0.0 as a particular example; the same qualitative features are found under different conditions. This diagram indicates the location of the supersaturation boundaries to nucleation as a function of the surface field h/kT c at constant temperature ͑T r ϭ0.5͒. Figure 8 can be extended to supersaturations SϽ1, giving a line of prewetting transitions as discussed in Ref. 25 . The nucleation of such wetting layers lies outside the scope of this paper, however.
For states of surface desorption ͑hϽ0 in Fig. 8͒ , nucleation proceeds heterogeneously at low supersaturations until the ''drying'' transition is reached. Here, the microscopic contact angle * jumps discontinuously to 180°. Homogeneous nucleation is the preferred option at higher supersaturations and the barrier to nucleation disappears at the bulk spinodal.
When surface adsorption is favored ͑hϾ0 in Fig. 8͒ , however, the extent of the metastable region limited by the binodal and the spinodal is drastically reduced. The work of formation of critical nuclei on the substrate vanishes at the surface spinodal. It is important to notice that in this case nucleation occurs heterogeneously even when the bulk wetting transition has been reached. As shown by Widom using a revised classical model, 7 this phenomenon is expected to occur whenever the line tension at the wetting transition is positive. In this case, there is no barrier to nucleation at the intersection of the surface spinodal and the binodal ͑Sϭ1͒.
For lower values of the surface field h/kT c , the work of formation of critical nuclei on the binodal increases as the system moves towards the bulk wetting transition where it finally diverges. 25 The sign and magnitude of the macroscopic line tension determine the relative location of the nucleation boundaries and surface transitions at the conditions of the binodal. Figure 9 summarizes the differences between classical and density functional predictions for the rates of heterogeneous nucleation. In this figure the ratio J CL /J DFT is followed as a function of the bulk contact angle 0 at two different temperatures. Both the original ͑CL-I͒ and the revised ͑CL-II͒ classical theories have been used in the comparison. The nonclassical rate J DFT was fixed to 1.0 throughout the calculation.
In general, the influence of the substrate on the process of nucleation seems to be accounted for by the inclusion of the line tension in the classical approach. Additional nonclassical effects appear as the surface adsorption is increased, however, and the revised theory fails in the vicinity of the wetting transition. Although the latter approach considerably improves the predictions of the original classical theory in regions where the macroscopic line tension is not too small, our results suggest that the dependence of the microscopic line tension on curvature 26 can play a crucial role in determining the barrier height to heterogeneous nucleation.
The simple theory presented in this paper can be extended in several directions. Substrate-fluid force fields can be modeled by actual interaction potentials of finite range, instead of the delta function interaction that leads to the twoparameter contact potential described here. The squaregradient term in the potential can be replaced by an actual Lennard-Jones or alternative attractive potential, as has been done for homogeneous nucleation. [20] [21] [22] When the interaction potentials become comparable in range to the size of the critical nucleus, nonclassical effects should be enhanced relative to those considered in this paper. However, such extensions of density functional theory have relatively little value in the absence of quantitative experimental data on heterogeneous nucleation. The greatest need at present time is for accurate measurements of gas-liquid nucleation rates on well-characterized, clean, solid substrates. 
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